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Abstract

This article makes the argument that compression ignition combustion processes that are
“flameless” with volumetric energy release, described as Low Temperature Combustion
(LTC), are a thermodynamic pathway to maximizing the efficiency of reciprocating
piston, internal combustion engines. The argument is built from the foundation of
determining the maximum theoretical efficiency for an IC Engine and then identifying
the irreversibilities associated with the various in-cylinder processes. Low Temperature
Combustion minimizes the sum of the irreversibilities for work generation from in-
cylinder processes. The underlying objective of Low Temperature Combustion is to keep
in-cylinder temperatures low through volumetric energy release via auto-ignition of dilute
air fuel mixtures, as opposed to flame propagation. Because LTC depends on auto-
ignition, the methods used to achieve it are dependent on the auto-ignition characteristics
of the fuel being used. Differences in physical and auto-ignition characteristics of fuels
mandate different approaches for establishing and controlling LTC. It has become
common to label the different approaches with a descriptive acronym, leading to a
proliferation of terms such as HCCI, PCCI, CAl, etc. Because the energy release is
volumetric it is a challenge to operate at low loads with good combustion stability, and at
high loads without excessive rates of pressure rise. Good progress is being made
addressing these challenges but doing so will put added burden on the gas exchange and
control systems of the engine.

Introduction

Internal combustion engines using liquid hydrocarbon fuels are an extremely effective
combination of energy converter and energy carrier for mobility applications. The high
energy density and specific energy of liquid hydrocarbons are well matched for
applications in which the fuel must be carried onboard the vehicle; and the engine is a
convenient and effective device for converting the stored energy in the fuel into mobile
power. Together the IC Engine and HC fuel are a robust and economically viable power
propulsion system and will remain so for decades to come [1]

However, the principle source of fuel — petroleum, is a limited resource which is in high
demand and with the global development currently underway the demand is likely to
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increase. Furthermore the impact of carbon emissions from our mobility systems is a
concern relative to its impact on the global climate. Consequently, it is important that our
mobility systems achieve the maximum possible efficiency with minimal environmental
impact, while still preserving utility to the user. And, this must be done as the diversity
of the feedstock of our fuel supply increases. In the author’s opinion this is one of the
grand challenges facing the propulsion technical community today.

Two reasonable questions arise when considering the powertrains of our propulsion
systems. What is the maximum efficiency that is theoretically possible and how does the
efficiency of our current powertrains compare to this maximum? And secondly, what are
practical limits to the efficiency when realistic engineering constraints are imposed on the
system? This latter question is very important in that it yields realistic stretch targets to
which we direct our development efforts, and it allows us to identify the important
phenomena that should be addressed to make our mobility systems consume less fuel,
emit little to no emissions, and still provide the desired utility.

Of IC Engines in use today the diesel, or compression ignition engine, is the most
efficient at converting fuel energy to shaft work. This article will describe a combustion
process, that builds on the inherent advantages of diesel combustion, which the author
believes offers a pathway to achieving maximum practical efficiency from a
reciprocating piston IC Engine — Low Temperature Combustion (LTC). To do this | will
first review the maximum theoretical efficiency for an internal combustion engine and
then identify the losses which occur in a typical engine. From this perspective | will offer
discussion as to which losses are unavoidable and comment on how LTC results in the
minimum sum of losses for in-cylinder processes during conversion of fuel energy to
work. This will be followed by a general overview of the different ways in which LTC
can be achieved, which is strongly dependent on the ignition characteristics of the fuel, or
fuels, being used. The challenges of operating LTC over the entire load range of the
engine and engine system issues will also be briefly discussed.

Maximum Possible Work

One of the most important concepts to realize when asking what is the maximum possible
work that can be obtained from an internal combustion engine is that the engine we use in
our propulsion systems does not undergo a thermodynamic cycle. It is a chemical
process. In a thermodynamic cycle the working fluid undergoes a cycle. This does not
happen in an internal combustion engine. The air fuel mixture is brought into the engine,
prompted to react to products, expanded, and then exhausted. The next engine cycle uses
a different air fuel mixture; the working fluid is thrown away and not brought back to its
initial state. Consequently, using classic thermodynamic heat-engine cycle analysis is not
appropriate to answer the questions being addressed.

A thermodynamic analysis describing the maximum useful work that can be obtained
from a chemical process, such as the combustion process in an internal combustion
engine, shows that the maximum useful work obtainable is the negative of the change in
Gibbs Free Energy of the chemical reaction, (equation 1) [2]:
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It is instructive to conceptualize what an internal combustion engine would look like if it
could be made to achieve this ideal result. Figure 1 is such a conceptualization. The
embodiment of the ideal engine shown in Figure 1 appears to be similar to what is
actually in development today. However, there are distinct pedagogical differences. In
the conceptualization shown in Figure 1, it is assumed that everything is reversible in the
engine. Namely the air and fuel enter the engine at atmospheric temperature and pressure,
undergo reversible processes throughout the engine, including the chemical reaction, and
then leave the engine as equilibrium products at atmospheric conditions. Mandating
reversible processes will dictate specific state histories so it may be necessary to invoke
heat transfer to get the products to atmospheric temperature. As depicted in the figure,
any such heat transfer would be done through a reversible heat-engine which has its heat
rejection at atmospheric temperature. The work obtained from this reversible heat-engine
is then added to the work output of the engine shaft to give the maximum possible work.

Shown on the bottom of Figure 1 is the energy balance for determining the work from
this reversible engine. Note that the maximum work theoretically obtainable is equal to
the heating value of the fuel, Qy, adjusted by the unusable heat which is rejected at
atmospheric temperature, T, * (Spmd - Sreact). The combination of these two terms is
equal to the negative of the change in the Gibbs free energy of the chemical reaction,
equation 1.

! In this presentation | am being imprecise in the way | am reporting the change in Gibbs free energy. 1 do
not include work that could have been obtained by allowing the individual components of the combustion
product mixture to equilibrate to the partial pressures at which they exist in the ambient. Including this
work would result in an increase in the maximum theoretical work reported here. This increment is a
relative small number and not including it keeps the discussion more concise and does not change the thrust
of the assessment presented.

2 Asan aside, it is worth noting that this is also the equation for the maximum theoretical useful work that
can be obtained from a fuel cell. When describing a fuel cell it is usual to write:

(AG)xn = —nFE

where:
1 = number of moles of electrons transferred

F = Faraday's constant
E = Electrical potential difference

When expressing the Gibbs free energy in above equation in terms of electrochemical potentials it is called
the Nernst Equation [3]. The maximum theoretical work from an internal combustion engine and from a
fuel cell is given by the same equation.
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Figure 1, Conceptualization of an Engine to Achieve the Maximum Possible Work from a
Charge of Air and Fuel Reacting to Products

The Relationship between the Fuels Heating Value and Gibbs Free Energy

One interesting subtlety of this result is the realization that the maximum theoretical work
obtainable from an internal combustion engine, or fuel cell, is given by the change in
Gibbs free energy as opposed to the fuel’s Heating Value. A table comparing the Heating
Value and the negative of the Gibbs free energy for several fuels when oxidized with air
at atmospheric conditions is shown below.

Table 1 Enthalpies and Gibbs free energy changes of several fuels when reacted with air
at atmospheric conditions (adapted from Heywood [2])

Fuel Heating Value (MJ/kmol) - Gibbs Free Energy (MJ/kmol)
Methane 802.3 800.6
Methanol 638.59 685.35
Propane 2044.0 2074.1
Octane 5074.6 5219.9

Two observations are apparent in examining the values given in Table 1. First the
Heating Values and changes in Gibbs free energy of reactions for typical hydrocarbon
fuels are very close to the same value. That is the maximum theoretical efficiency of an
internal combustion engine is effectively one hundred percent. The second observation is
that some of the changes in Gibbs free energy have a larger magnitude than the Heating
Value. This indicates that theoretically it is possible to extract more work from the
engine than the heating value of the fuel, which is typically referred to as the energy input.
This circumstance is a result of isentropic expansion of the products of combustion all the
way to atmospheric pressure as part of maximizing the work output. In some cases,
following the isentrope to atmospheric pressure would result in a temperature below
atmospheric, which means that the heat transfer between the engine and the environment

4




is from the environment to the engine. Thus work would be obtained from the auxiliary
reversible heat-engine through a heat transfer from the environment into the engine to
bring the engine back up to the atmospheric temperature.

For the purpose of the discussion which follows I will take the maximum theoretical
efficiency of an IC engine to be 100 percent, and not dwell on the subtlety of the
differences between the Gibbs free energy and the Heating Value of typical hydrocarbon
fuels.

Identifying Irreversibilities within the Engine

There are two underlying precepts in understanding the maximum theoretical work that
could be obtained from an internal combustion engine. The first is that all processes are
conceptualized to be reversible. That is, all of the energy within the fuel that could have
been converted into useful work actually is converted into useful work. This recognizes
the second precept underlying the development, namely that energy has quality, called
exergy or availability, and that irreversible processes degrade useable energy into
unusable energy; namely exergy or availability destruction. Evaluating the availability
destruction that occurs in the processes of a real engine is an instructive exercise for
quantifying losses relative to the ideal engine described above. Furthermore it is possible
to assess whether technological development can make inroads into reducing those losses
and thus improving the efficiency of the engine. An analysis of the losses is brought
about by performing an availability, or exergy, balance. Such a balance is shown in
Figure 2.
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Figure 2, Availability Accounting per Unit of Fuel for Engine Operation at Different
Equivalence Ratios for Methanol and Dissociated Methanol [4]. (Units on the ordinate
are kcal per liter of methanol)



The graphs given in Figure 2 are displayed in terms of availability, expressed as kcal/liter
of CH30H. The plots are really stack charts showing the partitioning of the available
energy of the fuel among the different energy flows associated with the engine at each
equivalence ratio. The area under the bottom line on each graph is the work output of the
engine. This is the portion of the available energy that was converted to work and when
expressed as a ratio with the heating value of the fuel gives the efficiency of the engine at
that operating point. The other regions on the graphs show the available energy of the
fuel that did not leave the engine as work, and as such represent a loss. The plots show
that a significant fraction of the fuel energy that could have theoretically been converted
to work is degraded into non useable forms, i.e. an availability destruction or “loss”. The
energy is conserved but its usability has been degraded.

Figure 2 shows what happens to the useable energy for each operating condition. The
work output represents energy leaving the engine as shaft work, the desired outcome for
the engine. The heat loss represents useable energy that left the engine as a heat transfer
as opposed to shaft work. The term “lost in engine” is a measure of the irreversibilities of
the combustion process itself. It is not an inefficiency of combustion. It is a degradation
of useable energy because of the unconstrained chemical reactions taking place within the
combustion chamber, even though the combustion has gone to completion. Finally, the
exhaust gas availability is the useable energy leaving the engine in the exhaust. The
available energy contained within the heat transfer and exhaust gases leaving the engine
represent that portion of the energy in the heat transfer and exhaust flow that is useable,
as opposed to the amount of energy within those respective flows.

Several observations can be made from Figure 2. First, there is a significant
irreversibility associated with the combustion process and this loss gets bigger when the
engine is operated under lean conditions. This loss represents approximately 20 percent
of the fuel’s useable energy. Second, there are significant available energy flows leaving
the engine in the form of heat transfer and exhaust flow. And finally, the work out of the
engine per unit of fuel increases for lean mixtures, even though the irreversibilities of
combustion increases. This is so because the available energy thrown away in the
exhaust and with the heat transfer decreases as the engine is operated with progressively
leaner air-fuel ratios. These decreases more than compensate for the increased losses that
occur within the lean combustion. This trade-off is an important component of
maximizing engine efficiency and achieving it has close ties with the characteristics of
the fuel.

Detailed Analysis of the Individual Losses

A more detailed assessment of the individual losses is insightful as to where potential for
improving the efficiency of real engines lie. As a prelude to this discussion | point out
that the analysis of the losses presented in Figure 2 did not include engine friction, or
pumping work. Indeed, reduction in engine friction and pumping work is an important
component of improving efficiency. Friction represents work that was leaving the engine
as shaft work but got diverted. Pumping work is work leaving the engine as shaft work
that must be returned to exchange the gases in the cylinder. Any reduction in these two



work quantities manifests itself immediately as a one-to-one increase in shaft work. For
engine system efficiency, any changes made in-cylinder to increase the engine efficiency
must be weighed against the impacts such changes have on the required pumping work
and the resulting friction.

Availability Destruction from Combustion

A loss of approximately 20 percent of the fuel’s useable energy in combustion is
discouraging and would seem to represent an opportunity for improvement. This has
been the subject of much discussion and analysis [5, 6, 7, and 8]. However, the
combustion irreversibility is a result of allowing the gradient between chemical potentials
of the reactants and products, the affinity, to relax unconstrained. Thermodynamics
teaches us that when any large gradient is allowed to relax unconstrained there will be
large losses, viz. heat transfer across a large temperature gradient, or the irreversibilities
associated with fluid flow driven by a large pressure gradient. Even if it were possible to
extract work from the cylinder at the same rate at which the chemical reaction were
occurring — constant temperature combustion, the irreversibilities of combustion would
not be reduced [9]. The only way to reduce the irreversibilities of combustion is to raise
the temperature at which the chemical reactions occur. This is why the losses of
combustion increase with lean operation, the combustion temperatures are lower. Within
the practical combustion temperatures for internal combustion engines the irreversibilities
of combustion will range from 20 to 25 percent [9].

Consequently, using combustion - unconstrained chemical reactions, as part of the
process of converting the chemical energy of the fuel into work, results in a loss of
approximately 20 to 25 percent of the work potential of the fuel. We will not be able to
engineer our way around this®.

The paradox of increased combustion irreversibilities and increased work output per unit
mass of fuel with lean combustion is resolved through a more detailed assessment of the
availability transfers occurring during the expansion process, which impacts the
availability leaving the engine in the exhaust gas and as heat transfer.

Work Extraction via Cylinder Gas Expansion and Useable Exhaust Energy

It is common practice to plot the pressure and volume history during compression and
expansion on logarithmic coordinates. When this is done we find that the slope of the log
P, log V plot is very closely equal to the ratio of specific heats of the gases in the cylinder,
y. This means that for the gases in the cylinder the compression and expansion process
are very nearly reversible. Compression and expansion within the engine are very
efficient. The work obtained from the gases being expanded within the cylinder is given
by the expression:

w=dev

® It is worth noting that this same analysis is also true for fuel cells.
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The pressure and the volume are related via the expression:

PvY = constant

where:
w = work per unit mass
P = cylinder pressure
v = specific volume of the gases in the cylinder
y = ratio of specific heats

The ratio of specific heats, which is a function of gas composition and temperature, plays
an important role in determining the work output from the engine.

Figure 3 is a simple plot showing the effect of composition and temperature on the ratio
of specific heats, y, and the impact of the value of y on the engine efficiency. In the
Figure one can see that as the temperature increases, y decreases. It is also apparent that
at a given temperature v is lower for a mixture of combustion products than it is for air.
This will also be true for combustion products relative to the air fuel mixture of the
reactants before combustion. The right hand plot shows the efficiency of an engine at
different compression ratios for different values of y*. From the two graphs in Figure 3 it
is evident that if y is larger there is more work extraction per unit of volume expansion in
the engine. Furthermore it is apparent that small changes in y can have measurable
impact on the efficiency.
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Figure 3, The Effect of Mixture Composition and Temperature on vy, and the
Effect of y on the Efficiency of an Internal Combustion Engine — Plotted vs.
Compression Ratio (CR)

Herein lays one of the reasons for the higher efficiency of lean burn engines. Lean burn
engines have lower combustion temperatures than stoichiometric engines. Even though

* For ease of presentation the calculation of the efficiency shown here was done using a simplified ideal gas
analysis.



there is a decrease in y because of the composition change and the increase in temperature
from combustion, the lower temperature of the lean combustion results in a y that is
larger compared to that for the stoichiometric combustion products. The larger relative y
of lean combustion results in a larger work extraction per increment of volume expansion
than occurs with stoichiometric combustion. Because of this there is less useable energy
thrown away in the exhaust with lean combustion. This is what was shown in Figure 2.
The same effect is also seen with dilute combustion.

An important avenue for increased work output per unit of volume expansion is to keep
temperatures in the combustion chamber low. However, as a combustible mixture is
made lean or dilute the rate at which a flame propagates slows. In practical applications
lean, or dilute, combustion via flame propagation will have extended combustion
duration which works against efficiency. To reap the benefit of lean combustion one
must also maintain short combustion durations. The fuel plays an important role in
achieving this goal.

Useable Energy in the Heat Transfer

The available energy in heat transfer depends on the quantity of heat transfer and the
temperature at which the heat transfer takes place. Heat transfer occurring at higher
temperatures has the ability to do more useful work than lower temperature heat transfer.

Figure 4 shows the heat transfer availability, the portion of the heat transfer that could
theoretically be converted to work, as a function of the temperature at which the heat
transfer takes place. The range of temperatures shown in the Figure was chosen to
represent temperatures that might typically be experienced during combustion.

As the temperature at which the heat transfer takes place increases a larger portion of the
heat transfer energy has the capacity to be converted into work. The two illustration lines
on the Figure show the portion of the heat transfer energy that could be converted into
useful work for heat transfer occurring at temperatures of 2600 K and 1900 K
respectively. These temperatures could be considered representative of those occurring
during stoichiometric and dilute combustion. Each unit of heat transfer at 2600 K has
approximately 3 percent higher availability than a similar unit of heat transfer at 1900 K.
That is each unit of energy lost to heat transfer at 2600 K represents a 3 percent greater
loss of work potential than the same quantity of heat transfer lost at 1900 K.
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Figure 4, Proportion of the Heat Transfer that Could be Converted into Useful Work vs.
Temperature at which the Heat Transfer Takes Place.

There is an added subtlety. The rate of heat transfer is proportional to the temperature
difference driving it. The lower in-cylinder temperatures associated with low
temperature combustion results in a lower driving potential for heat transfer. Lower in-
cylinder temperatures reduce both the quantity of heat transfer and the work potential of
each unit of that heat transfer.

Overview of the Fundamentals of 1C Engine Efficiency and Losses

Through the discussion presented above it has been shown that for purposes of assessing
the maximum theoretical efficiency of an internal combustion engine running on
hydrocarbon fuels, one can essentially consider all of the energy in the fuel to be
available to do work. The maximum theoretical efficiency of an internal combustion
engine is 100 percent.

However, because we use an unconstrained chemical reaction as part of the energy
conversion process approximately 20 to 25 percent of the fuel’s available energy is
destroyed. As long as unrestrained chemical reaction is used in our propulsion systems
within current combustion temperature ranges, this loss is unavoidable.

Reducing the loss of work potential associated with heat transfer and exhaust gas leaving
the engines is doable. To this end, efforts which minimize the reduction iny from
combustion help to maximize the work extraction per unit of volume expansion, which
increases efficiency and results in less usable energy being thrown away in the exhaust.
Minimizing the reduction in y can be achieved by keeping in-cylinder combustion
temperatures as low as possible, even though this results in slightly larger combustion
irreversibilities.
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In addition lower in-cylinder temperatures also have a beneficial effect on heat transfer
losses. Not only does the magnitude of heat loss decrease with lower in-cylinder
temperatures, but the proportion of that energy that has the capacity to be converted into
work is also reduced.

Low Temperature Combustion

Originally, the interest in low temperature combustion (LTC) was motivated by the desire
to reduce emissions, mainly NOx and particulate matter (PM). However, we now
understand that there is an additional motivation to pursue low temperature combustion
that is at least of equal value to reducing emission, reducing fuel consumption.

As one attempts to continually reduce the combustion temperature flame propagation
becomes a problem and ultimately limits engine operation. However, if combustion is
achieved via auto-ignition of a dilute mixture the energy release becomes volumetric and
can be achieved in an acceptable crank-angle interval, even for mixtures which would not
support flame propagation. One can think of this as moderated knock. Rather than a
flame propagating through the mixture, the entire mixture auto-ignites. The energy
release is distributed throughout the volume of the combustion chamber as opposed to
being localized within a flame. Locally the chemical reaction is slow, because the
temperatures are low, but because the energy release is distributed throughout the
combustion chamber volume the integrated heat release rate can be made to match or
surpass that obtained from flame induced energy release. For conciseness one can say
the combustion is “flameless”, or the energy release is volumetric. To achieve this
requires very different control of in-cylinder conditions relative to typical flame driven
energy release. This is what I refer to generically as low temperature combustion, LTC.

LTC is in essence controlled knock, and relies on the auto-ignition chemistry of the fuel.
Regardless of the fuel, the underlying approach to achieving acceptable LTC is the same.
One wants to get the fuel vaporized and partially mixed with the cylinder gases such that
when the auto-ignition chemistry reaches the point of ignition the energy release is
volumetric. Furthermore there needs to be sufficient inhomogeneity of the mixture
within the combustion chamber that the entire mixture does not auto-ignite all at once,
which leads to excessive rates of pressure rise. This inhomogeneity can be in
temperature, air fuel ratio, or degree to which the local mixtures have kinetically
traversed their auto-ignition pathway. There needs to be a propagation of ignition
through the mixture, where a few locations auto-ignite first which then induce other
regions to auto-ignite which in turn induce others. It is an ignition propagation process
and not a flame propagation process. Depending on the volatility and ignition
characteristics of the fuel, the pathway to achieving this can be very different.

For example, gasoline-like fuels vaporize easily and have long ignition delay times, so
getting the mixture to auto-ignite at the desired time is more of a challenge then getting
the fuel to vaporize and mix with the cylinder gases. Typically cylinder temperatures at
IVC to achieve LTC with gasoline like fuels will be higher than those required for LTC
with diesel like fuels. A diesel like fuel with lower volatility and short auto-ignition
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times mandates an operational strategy to achieve LTC which is vastly different than for
gasoline like fuels; typically a very early injection is required to allow time for
vaporization and mixing, and because of the rapid auto-ignition rates a low temperature
and low oxygen concentration — high EGR which is aggressively cooled, are necessary to
stretch out the ignition delay as much as possible.

Depending on the details of the fuel structure, the auto-ignition chemistry will have
different levels of sensitivity to in-cylinder pressure and temperature histories. For
example the LTC operating regimes for iso-octane and ethanol will be different and have
different responses to changes in an engine’s operating condition even though the two
fuels have high octane numbers.

The alphabet soup of acronyms that has arisen, HCCI, PCI, PPCI, CAl, RCCI, etc. to
describe the different approaches for achieving low temperature combustion signify the
different ways researchers are choosing to establish and control the basic requirements
for this “flameless” combustion.

9-11 bar IMEP

* Percent of Fuel Energy [%]

Meets US 2010
Emissions in cylinder
— no aftertreatment

Conv. Gas. D-F
Diesel LTC PPCI PCCI

Figure 5, Comparison of measured thermal efficiencies at 9 bar IMEP obtained on ERC
Caterpillar SCOTE engine for conventional diesel, low temperature, gasoline partially
premixed and diesel/gasoline dual fuel combustion. (Adapted from [10])

Figure 5 shows a First Law energy balance for a heavy duty single cylinder engine
operating at moderate load using conventional diesel combustion and different
approaches of “flameless” combustion. All of the stack plots to the right of the
conventional diesel energy partitioning are what | am referring to as low temperature
combustion. In the Figure, the LTC column just to the right of the conventional diesel is
“flameless” combustion with diesel fuel. Gas PPCI is “flameless” combustion using
gasoline compression ignition with varying degrees of premix, which is controlled by
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multiple injections of fuel during the compression stroke. And, D-F PCCI is “flameless”
combustion with a premixed gasoline base charge followed by one or more smaller
injections of diesel fuel during the compression stroke. All of the cases labeled LTC with
the red arrow, have engine out emissions that are below 2010 standards.

Further study of Figure 5 shows the trade-off between the different energy partitioning
that result from the reduction of combustion temperatures achieved through Low
Temperature Combustion. As the combustion process is moved into LTC regimes, the
work out of the cylinder increases with an attendant decrease in the heat transfer and
energy thrown away in the exhaust. The upper most energy partition, combustion loss,
represents incomplete combustion and not irreversibilities of combustion. In a First Law
presentation like this irreversibilities are not discernible. The reason for the shifts in the
energy partitioning yielding more work out is what was explained in the beginning of this

paper.

The reason for the differences in work output for the different LTC combustion modes is
related to the fuels. The column in the Figure labeled LTC uses diesel fuel. To introduce
the fuel, get it to vaporize and mix to an appropriate level of homogeneity such that the
auto-ignition process proceeds to ignition at an appropriate time requires very different
intake conditions and fueling strategies than to accomplish that same sequence of
processes for the different fuels — gasoline and gasoline/diesel. The sequence of
processes that need to be accomplished is the same for each of the three generic LTC
combustion modes shown in the Figure, however, depending on the fuel’s auto-ignition
characteristics and its physical properties the methods employed to achieve these
processes were different.

Brief Overview of LTC Activities

Herein lays the challenge with low temperature combustion. The in-cylinder conditions,
(temperature, pressure and oxygen concentration), the compression process itself, and the
manner in which the fuel is introduced into the cylinder will be intimately tied to the
auto-ignition characteristics of the fuel. And, what is done to manipulate these
parameters is done significantly before the point in the cycle at which auto-ignition is
desired. To be successful one has to actively manipulate and intervene in the auto-
ignition reactions of the fuel air mixture. Significant progress has been and continues to
be made in besting these challenges.

LTC combustion processes are being actively studied and developed throughout the
world. Research at Toyota [11, 12, 13, and 14] has explored pre-mixed diesel
combustion modes. Nissan Diesel uses LTC as part of the operating map for engines that
are currently in the market. Nissan refers to the combustion as Modulated Kinetics, or
MK, combustion [15]. In MK combustion the swirl level in the cylinder is increased, the
EGR level is raised and the high pressure injection is significantly retarded. The
combination of the low oxygen concentration from the high EGR, the increased mixing
from the high swirl and the retarded injection results is a somewhat homogeneous charge
that auto-ignites with volumetric energy release. Nissan uses MK combustion for NOx
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and particulate control. The retarded injection timing necessary to achieve MK
combustion results in a detriment in fuel consumption, but it is not as bad as one might
guess because the energy release rate of the MK combustion is more rapid than typical
mixing controlled conventional diesel combustion.

Toyota’s UNIBUS (uniform bulk combustion system) [14] uses early injection with low
temperatures and high EGR to extend the ignition delay sufficiently to achieve the
requisite mixing for LTC. However the low temperatures and high EGR negatively
affects combustion stability.

Kalghatgi et al. [16, 17] found using gasoline that the high resistance to auto-ignition of
lower CN fuels allows more mixing time prior to combustion, thus lowering NOx and
PM emissions. They also demonstrated that start-of-combustion timing could be
controlled with suitably timed dual injections, and that the apparent heat release rate
could be lower than diesel Homogeneous/Premixed Charge Compression Ignition
(HCCI/PCCI) at similar loads. The use of timed multiple injections for combustion
phasing controlled was also proposed by Marriott and Reitz [18].

Hanson et al. [19] demonstrated the feasibility of using gasoline in heavy-duty
compression ignition engines with optimal single injections and moderate EGR levels.
Their results showed that 2010 emissions levels could be met in-cylinder, while
maintaining low fuel specific fuel consumption, reasonable pressure rise rates, and
existing engine and fuel injection hardware. The simultaneous reduction of PM and NOx
obtained with partially premixed combustion (PPC), along with the ability for
combustion control is very desirable because it allows low emissions within a larger
operating range than with traditional pre-mixed combustion regimes, while also
increasing the engine efficiency.

Experiments performed by Bessonette et al. [20] with a variety of fuels suggested that the
best fuel for HCCI operation may have auto-ignition qualities between that of diesel and
gasoline. Using a compression ratio of 12:1 and a fuel with a derived cetane number of
~27 (i.e., a gasoline boiling range fuel with an octane number of 80.7), they were able to
extend the HCCI operating range to 16 bar BMEP — a 60% increase in the maximum
achievable load compared to operation using traditional diesel fuel. Furthermore, their
results showed that low load operation (below 2 bar BMEP) required a derived cetane
number of ~45 (i.e., traditional diesel fuel).

In addition to the challenge of developing a robust control strategy for LTC, on which
impressive progress is being made, achieving high load is a major issue. This challenge
is fundamental. The goal of LTC is to achieve volumetric energy release via auto-
ignition. This is the same as knocking combustion. To moderate the rates of pressure
rise the air fuel mixture in the cylinder is diluted. To reach high load more fuel must be
introduced into the cylinder, which constrains the extent to which dilution can be used to
moderate the rate of pressure rise. Typically as LTC is pushed towards higher load
excessive rates of pressure rise become the limiting metric, and the operational window
for LTC becomes very narrow.
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The work of Dec et al., summarized in Figure 6, shows the typical profile of the
narrowing of the operating range as load is increased. The data shown in the figure give
the temperature range for gasoline homogeneous charge compression ignition, LTC, as
the load is increased - shown as the fuel/air equivalence ratio. At each load the LTC
regime is bounded on a low temperature side by unstable combustion, and is bounded on
a high temperature side by excessive rates of pressure rise, the ringing limit. As the load
is increased the operating temperature window becomes narrower, until there is a load at
which acceptable LTC cannot be obtained.

o
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Figure 6, As combustion phasing sensitivity to inlet temperature increases at higher load,
Dec et al. hypothesize that steady state operation is impossible at the high load limit due
to a convergence of excessive ringing and instability limits [21]

The same research group at Sandia [22] demonstrated that the upper load limit in a
medium duty diesel engine could be increased from 11 bar IMEP for homogeneous
charge to 13 bar IMEP when using controlled fuel stratification.

Several of the references cited above in the general description of LTC, [10, 16, 17, 18,
and 19] were also addressing the issue of raising the load limit of LTC by controlling the
relative reactivity of the air fuel mixture in the cylinder through the use of two fuels. The
activities are extensive. The work of Ra et al. [23] has shown through an experimental
program, that was guided by detailed CFD, that a load of 17 bar IMEP could be achieved
in a single cylinder engine matching the geometry and hardware of a 4 cylinder, 1.9 L
light duty diesel engine. At this operating condition the fuel consumption and emissions
were low: isfc = 173 g/kW-h, NOx = 0.15 g/kg—f, and PM = 0.1 g/kg-f. This was
accomplished with triple injection of a single fuel, an 87 ON gasoline.

The above is only a superficial coverage of the vast work taking place worldwide
addressing the issues of LTC control and expanding its operating range. Many
laboratories that are doing excellent work are not mentioned in the above overview. For
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example Lund University has extensive activity in this area and has contributed
significantly to the technical communities understanding of LTC. Reference 24 is but one
of many contributions to the literature in which they are exploring optimal fuel
characteristics and methods of expanding the operating regime. To all the
researchers/colleagues who | slighted by not referencing their work, | apologize;
omission of recognition was driven by space limitation and not lack of importance.

Gas Exchange and Engine System Control for LTC

The above overview of results shows that the in-cylinder conditions can be sufficiently
controlled to achieve LTC over a reasonable portion of the engine’s load and speed map.
In fact the engine manufacturers participating in the DOE Super Truck Program have
integrating LTC processes into their proposed engine maps as an important component of
meeting the efficiency and emissions goals of the program.

However it is also clear that controlling the temperature, pressure, oxygen concentration,
in-cylinder fluid mechanics, and fuel introduction processes is critical. This puts more
demands on the gas exchange and control system of the engine. Because of the complex
chemistry of auto-ignition and its subtle variations with fuel types, it seems that active in-
cylinder combustion sensing will probably be required for successful integration of LTC
into the operational map of the engine in a vehicle. For gas exchange; boosting systems,
heat exchange processes, and EGR system performance will be critical. And finally,
exhaust gas aftertreatment systems will probably still be needed and they will need to
operate at lower exhaust temperatures. This is a thermodynamic principle. As the
engines get more efficient the exhaust temperature will be reduced.

Summary

The above article has argued that there is fundamental thermodynamic underpinning for
the case that Low Temperature Combustion can lead to improved efficiency from internal
combustion engines. Unfortunately when we use combustion to release the chemical
energy in the fuel as part of the process of producing work we must accept that
approximately 20 percent of the fuel’s availability will be destroyed. We are fortunate in
that even though the availability destruction during combustion increases with lower
combustion temperatures, within the range of temperatures experienced in engines the
increase in availability destruction with Low Temperature Combustion is small relative to
that caused by typical flame propagation. The thermodynamic benefits of the low in-
cylinder temperature offset this detriment of increased availability destruction.

If in-cylinder combustion temperatures can been kept low, the ratio of specific heats does
not decrease as much as it does for more typical combustion processes involving flame
propagation. The relatively larger ratio of specific heats gives the benefit of more work
extraction during the expansion process, which in turn reduces the available energy at
exhaust valve opening. In addition the lower in-cylinder temperatures reduce heat
transfer from the cylinder which has a double benefit. Not only is less energy lost via
heat transfer, but the availability per unit of energy lost is lower as well.
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Thus Low Temperature Combustion maximizes the work gained from the expansion
process which is highly desirable because the compression and expansion processes in
the engine are highly efficient.

LTC is in essence controlled knock, and relies on the auto-ignition chemistry of the fuel.
Regardless of the fuel, the underlying approach to achieving acceptable LTC is the same.
One wants to get the fuel vaporized and partially premixed such that when the auto-
ignition chemistry reaches the point of ignition the energy release is volumetric. There
needs to be sufficient inhomogeneity of the mixture within the combustion chamber that
the entire mixture does not auto-ignite all at once. This inhomogeneity can be in
temperature, air fuel ratio, or degree to which the local mixtures have kinetically
traversed their auto-ignition pathway. Depending on the volatility and ignition
characteristics of the fuel, the pathway to achieving this fuel-air distribution can be very
different.

LTC leverages the advantages of classic diesel combustion, however integrating it into an
engine system brings news challenges. Because we wish to establish a somewhat
uniform fuel air mixture which undergoes sequential auto-ignition, our last control input
often occurs significantly in advance of the ignition time for optimal combustion phasing.
This makes combustion control over a range of speeds and loads a challenge. Very light
load is a challenge because it requires the auto-ignition of a very dilute mixture of fuel
and air. Conversely, achieving heavy load without excessive rates of pressure rise is a
challenge because now you need to auto-ignite a fuel air mixture with the maximum
amount of fuel in the cylinder.

Tremendous progress has been made in controlling LTC auto-ignition processes within
the cylinder, and it has become common for developers to establish an acronym which
describes the method being used to establish and control the LTC. Expanding these
accomplishments to incorporate LTC into the powertrain of a vehicle will require
integrating an understanding of the fundamental processes of the fuels’ auto-ignition
characteristics and how these couple with the in-cylinder thermodynamic conditions into
the engine controls system. This probably necessitate some sort of in-cylinder sensing

for dynamic control; and the gas exchange systems of the powertrain — the boosting, EGR,
heat exchange, and charge motion control subsystems, will pay a critical role as well.
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